Introduction {#sec1}
============

Microelectrode arrays (MEAs) allow one to perform multiplexed parallel analysis of complex mixtures of redox-active analytes with selective and specific sensing of the individual constituents in the microelectrode cells that make up the array.^[@ref1]−[@ref10]^ For a successful implementation of such devices one could consider selective printing of specific sensing molecular inks into the individual microelectrode cells (MEs) that can exhibit a different composition from "pixel" to "pixel" within the array.^[@ref6]−[@ref10]^ The recognition inks should adhere to the ME surface and provide analyte selective signals. Printing using multiple reservoirs would be needed to render each electrochemical microcell working as a specific sensing element.

Toward achieving this objective, we describe in this contribution the first necessary steps including (a) the development of a novel redox stimulus responsive molecular ink and (b) the construction of single ME sensing "pixels" using one printing reservoir and a single nozzle. By doing so, we provide elements for designing devices such as "aiming" the ink to accurately hit the microelectrode with high printing accuracy. We describe how printing accuracy can be evaluated. We then test the ME device concept in a model sensing process.

Stimulus responsive (or "smart") polymers have been in the focus of recent interest due to their ability to be used in functional, integrated material constructs for wetting and friction control, sensing, monitoring, and steering processes, in mechanical actuation as self-healing biomedical platforms, and in molecular delivery.^[@ref11]−[@ref16]^ Among the many possible stimuli utilized in conjunction with polymers, electrochemical (redox) control has received relatively little attention when compared to temperature, pH, light, and chemical stimuli.^[@ref17]−[@ref21]^ One of the reasons for the employment of the "classical" stimuli is that the range of synthetic polymers, which exhibit a reversible redox response, is rather limited.^[@ref17],[@ref19]−[@ref21]^

The emerging class of redox-responsive organometallic poly(ferrocenylsilane)s (PFSs), which feature alternating ferrocene units and substituted bridging Si in the main chain, have shown a great potential to fabricate redox-sensitive molecular sensing platforms.^[@ref21]−[@ref24]^ In PFSs the silane units can be employed in substitution chemistry, yielding a broad range of functional macromolecules. The variation of side-group structure allows one to tune the physical and chemical properties of PFS, while the ferrocene units remain responsible for preserving the redox activity.^[@ref22]−[@ref26]^ The stimulus-responsive behavior implies that changes of the redox environmental conditions trigger changes of the oxidation state of the iron atom in the ferrocene group. We note that redox chemistry of PFS, including chemical and electrochemical redox transitions, has been subject of several studies.^[@ref18],[@ref26]−[@ref29]^ Corresponding papers discuss intra- and interchain electron transfer during electrochemical oxidation/reduction^[@ref30],[@ref31]^ as well as the effect of chemical oxidizing and reducing agents^[@ref23]^ and redox behavior of PFS attached to the surface of various substrates.^[@ref20],[@ref21]^ PFS-decorated electrodes have been used for electrochemical sensing of ascorbic acid,^[@ref20],[@ref32]−[@ref34]^ hydrogen peroxide,^[@ref34]^ glucose,^[@ref35],[@ref36]^ and inorganic ions^[@ref37]^ and/or to enhance detection sensitivity^[@ref18],[@ref21]^ and photoconductivity.^[@ref38]^

MEAs have been successfully utilized in many areas in biomedical applications^[@ref1],[@ref3]−[@ref5]^ as well as in environmental sensing^[@ref2],[@ref39],[@ref40]^ and food quality monitoring.^[@ref9],[@ref40]^ The reason for this interest is that MEAs enable the stimulation and recording of electrical signals of multiple MEs with low background charging and high current density. This is related to the efficient mass transport of the redox-active species to and from the micro-sized electrode surface (i.e., the electrode diameter is \<100 μm) and the bulk solution.^[@ref6],[@ref10],[@ref41]^

One of the many challenges in the development of multiplexed MEA sensors is to individually and independently immobilize functional coatings onto the electrode surface of each of the MEs with a high quality of spatial control.^[@ref7],[@ref9],[@ref42],[@ref43]^ Benefits of precise deposition of responsive functional coatings are expected to further boost the use of MEAs, for example, by fabrication of MEAs on soft materials or functionalization of MEAs improving their performance and biocompatibility.^[@ref44]^ This would allow *in situ* multiplex sensing, cell patterning, and delivery applications.^[@ref2],[@ref4],[@ref9],[@ref39],[@ref40],[@ref43]^ Two main strategies can be used to chemically immobilize sensing macromolecules on different electrode surfaces encompassing the "grafting from"^[@ref16],[@ref45]−[@ref47]^ or the "grafting to"^[@ref16],[@ref48]^ approaches. In this study, we decorated bare gold ME surfaces via the "grafting to" approach employing the well-known strong and stable sulfur--gold binding chemistry.^[@ref49],[@ref50]^

Various sulfur-containing PFS macromolecules have been prepared and reported previously. For example, end-capping of living PFS chains with ethylene sulfide provided access to thiol end-functionalized PFSs.^[@ref51]^ Postpolymerization modification using thiol--ene chemistry proved to be another highly versatile approach to obtain sulfur-functionalized PFSs.^[@ref52]^ In this study, first a PFS random copolymer possessing a tailored amount of reactive halopropyl side groups was synthesized via platinum-catalyzed ring-opening polymerization of silicon-bridged ferrocenophanes.^[@ref53],[@ref54]^ Then, disulfide moieties were attached to the haloalkyl groups by nucleophilic substitution to afford disulfide-functionalized PFSs with a well-controlled composition capable to covalently graft to gold surfaces, as is shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}.

![Structure of the disulfide-functionalized poly(ferrocenylsilane) copolymer used in this study.](am9b11927_0001){#fig1}

Molecular surface immobilization of PFS films on the electrodes investigated here was already realized via the grafting to approach, layer-by-layer (LbL),^[@ref34],[@ref55]^ drop-casting,^[@ref32]^ dip-coating,^[@ref51]^ spin-coating,^[@ref56]^ and electrografting^[@ref33]^ deposition techniques. In previous work of Vancso et al., the immobilization of PFS derivatives in a LbL fashion on MEAs was achieved by physical immobilization (i.e., electrostatic interactions) and used to fabricate a redox-responsive multilayer platform for local controlled release of multiple molecular payloads from the surfaces.^[@ref55]^ In comparison to these techniques, inkjet printing technology is a very promising, reliable and convenient way for patterning by deposition to individually decorate the MEA cells. The advantages of this technique include contact-free deposition on the electrode substrates (minimizing contaminations or alterations), no need of masks, versatile applicability, and targeted delivery.^[@ref57]−[@ref61]^ The ink can be water- or organic-solvent-based, and good repeatability and spatial accuracy in the deposition process have been achieved.^[@ref62],[@ref63]^ Inkjet printing can be performed in continuous inkjet (C-IJ) or in drop-on-demand (DoD-IJ) modes. In C-IJ, the ink solution is pumped through a nozzle to form a liquid jet. This mode is mainly used in high-speed graphical applications due to the high throughput of the production. In the DoD-IJ mode the droplet is formed by an acoustic pulse, generated by a piezoelectric or thermal trigger, and is printed from a reservoir through a nozzle with high placement accuracy. Employing the DoD mode minimizes the amount of ink used for the deposition (few tens of picoliters) and thus reduces ink waste and minimizes the consumption of the functional compound.

Therefore, following a thorough characterization of the here described novel PFS-based ink, we performed printability tests and evaluated the accuracy, chemical composition, and topological and morphological features of the PFS printed patterns. The PFS-modified MEAs were then tested as an ascorbic acid sensor in a case study. To this end, the stability and the electrochemical properties of the tethered PFS polymer films via cyclic voltammetry and chronoamperometry experiments were assessed.

Experimental Section {#sec2}
====================

Synthesis and Characterization of Disulfide-Functionalized Poly(ferrocenylsilane)s, PFS **5** {#sec2.1}
---------------------------------------------------------------------------------------------

### 4,4′-Dithiodibutyric Acid Monoethyl Ester {#sec2.1.1}

4,4′-Dithiodibutyric acid (DTDB) was alkylated following a published procedure.^[@ref64]^ A suspension of powdered potassium hydroxide 85% (1.33 g, 20 mmol) in DMSO (13 mL) was stirred vigorously for 30 min at room temperature. A solution of DTDB (2.384 g, 9.5 mmol) was added in DMSO (10 mL), and the mixture was stirred for 15 min. After cooling in an ice--water bath, a solution of iodoethane (2.23 g, 14.3 mmol) in DMSO (20 mL) was added by using a dropping funnel. Stirring was continued for 2 h at room temperature, followed by the addition of ice--water (150 mL). The pH value of the mixture was adjusted to pH 3--4 with dilute hydrochloric acid. The resulting solution was extracted three times with ethyl acetate (3 × 15 mL), and the organic layer was washed three times with saturated aqueous sodium chloride (3 × 15 mL). The solution was dried over anhydrous sodium sulfate and concentrated under reduced pressure. Purification was performed by column chromatography using *n*-hexane/acetone (1:1 vol:vol) as eluent to obtain 1.27 g (4.77 mmol) of product. Yield: 50.2%.

^1^H NMR (400 MHz, CDCl~3~) δ: 1.25 (CH~3~, t, 3H); 2.015(O=CCH~2~C*H*~2~, m, 4H); 2.42 (O=CCH~2~, t, 2H); 2.49 (O=CCH~2~, t, 2H); 2.715 (CH~2~SSCH~2~, m, 4H); 4.125 (C*H*~2~CH~3~, m, 2H). ^13^C NMR (100 MHz, CDCl~3~) δ: 14.22 (CH~3~); 23.91 (O=CCH~2~*C*H~2~); 24.22 (O=CCH~2~CH~2~); 32.36 (O=CCH~2~); 32.66 (O=CCH~2~); 37.59 (CH~2~SSCH~2~); 37.81 (CH~2~SSCH~2~); 60.55 (*C*H~2~CH~3~); 173.14 (C=O); 178.53 (C=O). IR (4000--500 cm^--1^, ATR-FTIR Bruker ALPHA): 3400--2800 cm^--1^ (O--H stretching vibration, νO--H), acid), 1728 and 1704 cm^--1^ (C=O stretching vibrations, νC=O), 510 cm^--1^ (S--S stretching vibration of disulfide group, νS--S).

### Chloropropyl-Functionalized PFS **3** {#sec2.1.2}

In a glovebox filled with prepurified N~2~, \[1\]dimethylsilaferrocenophane **1** (1.40 g, 5.78 × 10^--3^ mol) and \[1\](3-chloropropyl)methylsilaferrocenophane **2** (93 mg, 3.05 × 10^--4^ mol, 5 mol %) were dissolved in dry THF (20 mL) in a 50 mL one-necked round-bottom flask. A small grain of hexachloroplatinic acid (5 mg) was added under stirring according to a well-established procedure.^[@ref53],[@ref54]^ Stirring was continued for 36 h. The solution was then diluted by adding THF (10 mL), and the polymer was precipitated in MeOH (200 mL). This mixture was stirred for 1 h to coagulate the polymer. After the polymer was isolated, it was precipitated again in MeOH, dried in a flow of N~2~, and further dried under vacuum (6 mbar, 24 h, followed by 1 × 10^--3^ mbar, 24 h). Yield: 1.40 g.

^1^H NMR (400 MHz, toluene-*d*~8~) δ: 0.53 (SiCH~3~, s, 6H); 0.98 (Si--CH~2~, m, 0.16H); 1.77 (CH~2~, m, 0.16H); 3.24 (CH~2~Cl, t, 0.16H); 4.06 + 4.24 (Cp, m, 8H), as shown in [Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acsami.9b11927/suppl_file/am9b11927_si_001.pdf). ^13^C NMR (100 MHz, toluene-*d*~8~) δ: −2.97 (*C*H~3~SiCH~2~); −0.54 (*C*H~3~Si*C*H~3~); 14.38 (Si*C*H~2~); 28.34 (CH~2~); 48.06 (CH~2~Cl); 71.75 + 73.62 (Cp), as shown in [Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acsami.9b11927/suppl_file/am9b11927_si_001.pdf). FTIR (4000--500 cm^--1^): 1380, 1361, and 1248 cm^--1^ (SiCH~3~ deformation vibrations); 1450 and 1350 cm^--1^ (C--H bending vibrations alkanes); 1182 and 1165 cm^--1^ (asymmetric ring in-plane C--H vibrations for ferrocene rings); 1037 cm^--1^ (asymmetric ring out-of-plane C--H vibrations for ferrocene rings), 800--600 cm^--1^ (C--Cl stretching vibrations, νC--Cl). GPC in THF: *M*~n~ = 236702 g/mol, *M*~w~ = 383590 g/mol, *M*~w~/*M*~n~ = 1.62.

### Iodopropyl-Functionalized PFS **4** {#sec2.1.3}

PFS **3** (1.30 g) was dissolved in THF (40 mL) and dicyclohexano-18-crown-6 (1.0 g, 2.7 mmol), KI (1.0 g, 6.0 mmol), and 1-iodopropane (3 mL, 31 mmol) were added. The reaction mixture was stirred at 40 °C for 2 weeks. Following a week, some iodopropane (2 mL) was added. The polymer was precipitated twice in MeOH (200 mL), dried in a flow of N~2~, and further dried under vacuum (6 mbar, 24 h, followed by 1 × 10^--3^ mbar, 24 h). Yield: 1.35 g.

^1^H NMR (400 MHz, toluene-*d*~8~) δ: 0.53 (SiCH~3~, s, 6H); 0.95 (Si--CH~2~, m, 0.16H); 1.79 (CH~2~, m, 0.16H); 2.88 (CH~2~I, t, 0.16H); 4.06 + 4.24 (Cp, m, 8H), as shown in [Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acsami.9b11927/suppl_file/am9b11927_si_001.pdf). ^13^C NMR (100 MHz, toluene-*d*~8~) δ: −2.94 (*C*H~3~SiCH~2~); −0.55 (*C*H~3~Si*C*H~3~); 11.59 (Si*C*H~2~); 18.55 (CH~2~); 29.33 (CH~2~I); 71.74 + 73.61 (Cp), as shown in [Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acsami.9b11927/suppl_file/am9b11927_si_001.pdf). FTIR (Bruker ALPHA, 4000--500 cm^--1^): 1380, 1361, and 1248 cm^--1^ (SiCH~3~ deformation vibrations); 1450 and 1350 cm^--1^ (C--H bending vibrations alkanes); 1182 and 1165 cm^--1^ (asymmetric ring in-plane C--H vibrations for ferrocene rings); 1037 cm^--1^ (asymmetric ring out-of-plane C--H vibrations for ferrocene rings). GPC in THF: *M*~n~ = 126718 g/mol, *M*~w~ = 235494 g/mol, and *M*~w~/*M*~n~ = 1.86.

### Disulfide-Functionalized PFS **5** {#sec2.1.4}

4,4-Dithiodibutyric acid monoethyl esther (0.352 g, 1.32 mmol), dicyclohexano-18-crown-6 (0.50 g, 1.34 mmol), and K~2~CO~3~ (0.174 g, 1.26 mmol) were dissolved in DMF (10 mL) in a 25 mL round-bottom flask under N~2~. After stirring for 2 h, the solution was taken up in a syringe and added to a solution of PFS **4** (1.129 g) in THF (20 mL), which was also kept under a nitrogen atmosphere. The flask containing the 4,4-dithiodibutyric acid monoethyl esther was rinsed twice with DMF (2 mL), which was also transferred by syringe to the PFS solution. The reaction mixture was stirred for 1 week at 20 °C and then added dropwise to methanol (200 mL) to precipitate the polymer. The polymer was precipitated again from THF (20 mL) into MeOH (200 mL), dried in a flow of N~2~, and further dried under vacuum (6 mbar, 24 h, followed by 1 × 10^--3^ mbar, 24 h). Yield: 1.13 g.

^1^H NMR (400 MHz, toluene-*d*~8~) δ: 0.53 (SiCH~3~, s, 6H); 0.95 (Si--CH~2~, m, 0.16H); 1.00 (CH~2~C*H*~3~, t); 1.77 (SiCH~2~C*H*~2~, m, 0.16H); 1.87 (O=CCH~2~C*H*~2~, m); 1.92 (O=CCH~2~C*H*~2~, m); 2.14 (O=CCH~2~, m, 0.16H); 2.23 (O=CCH~2~, m, 0.16H); 2.45 (CH~2~SSCH~2~, m, 0.24H); 4.06 + 4.24 (Cp, m, 8H), as shown in [Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acsami.9b11927/suppl_file/am9b11927_si_001.pdf). ^13^C NMR (100 MHz, toluene-*d*~8~) δ: −2.97 (*C*H~3~SiCH~2~); −0.56 (*C*H~3~Si*C*H~3~); 12.89 (Si*C*H~2~); 14.35 (CH~2~*C*H~3~); 24.57 (O=CCH~2~*C*H~2~); 24.64 (O=CCH~2~*C*H~2~); 32.56 (O=CCH~2~); 32.65 (O=CCH~2~); 37.94 (CH~2~SSCH~2~); 60.08 (*C*H~2~CH~3~); 71.73 + 73.60 (Cp); 172.04 (C=O); 172.24 (C=O), as shown in [Figure S6](http://pubs.acs.org/doi/suppl/10.1021/acsami.9b11927/suppl_file/am9b11927_si_001.pdf). FTIR (4000--500 cm^--1^): 1750 and 1735 cm^--1^ (C=O stretching vibrations of ester groups, νC=O); 1380, 1361, and 1248 cm^--1^ (SiCH~3~ deformation vibrations); 1450 and 1350 cm^--1^ (C--H bending vibrations alkanes); 1182 and 1165 cm^--1^ (asymmetric ring in-plane C--H vibrations for ferrocene rings); 1037 cm^--1^ (asymmetric ring out-of-plane C--H vibrations for ferrocene rings). GPC in THF: *M*~n~ = 138498 g/mol, *M*~w~ = 278794 g/mol, and *M*~w~/*M*~n~ = 2.01.

DoD Piezo Inkjet Printing of the PFS **5**-Based Ink {#sec2.2}
----------------------------------------------------

PFS **5** was dissolved in toluene at different concentrations, including 2.5, 5, and 10 wt %; the corresponding solutions were named "ink A", "ink B", and "ink C", respectively. The physical and chemical properties of the inks are summarized in [Table S1](http://pubs.acs.org/doi/suppl/10.1021/acsami.9b11927/suppl_file/am9b11927_si_001.pdf). The rheological properties and the surface tension of the inks were evaluated via steady-shear rate sweep and pendant drop measurements, respectively, as shown in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsami.9b11927/suppl_file/am9b11927_si_001.pdf).

A Dimatix Piezo inkjet 2831 printer (FUJIFILM Dimatix Inc., Santa Clara, CA) PIXDRO LP 50, featuring a DMP-2850 print head and a DMC 11610 cartridge (16 nozzles having a 23 μm diameter, 10 pL nominal drop volume), was used to deposit the redox-active ink on the MEAs. The droplet formation of the inks (i.e., the printability) was investigated by analyzing with the PIDRO Advanced Drop Analysis software (ADA, PixDro, Meyer Burger, The Netherlands) the drop generated in continuous inkjet printing mode. The alignment of the sample to the print head was obtained via the standard protocol employed from the PIDRO Advanced Drop Analysis software named "fiducial alignment". The alignment was performed on three reference points selected on the Au pad in the MEA chip, and it was considered optimal for score values above 90%.

Synthesis Characterization of the Device: Surface and Electrochemical Properties {#sec2.3}
--------------------------------------------------------------------------------

The surface and electrochemical properties of the PFS **5** printed MEA chips were studied by investigating the chemical composition of the printed films via energy dispersive X-ray EDX-HR SEM and mapping ATR-FTIR microscopy measurements and the topography and morphology via laser confocal microscopy and AFM. The electrical properties of the surface-immobilized PFS chains were studied by using cyclic voltammetry (CV). More detailed information about the experimental part can be found in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsami.9b11927/suppl_file/am9b11927_si_001.pdf).

Results and Discussion {#sec3}
======================

As mentioned in the [Introduction](#sec1){ref-type="other"}, we present and discuss the design and the implementation of a potentially multiplexed electrochemical sensing device. The individual sensors in a fully multiplexed instrument can each hold different responsive materials for specific sensing applications, which need to be printed onto the micro electrode surface.

Synthesis of Disulfide-Functionalized Poly(ferrocenylsilane)s, PFS **5** {#sec3.1}
------------------------------------------------------------------------

First, we discuss the synthesis of a new PFS-based redox responsive polymer which can be immobilized via sulfur--gold coupling. This new PFS-based random copolymer was designed to possess a tailored number of disulfide moieties to ensure a stable covalent attachment of the polymer to the gold surface. Disulfide-modified poly(ferrocenylsilane) random copolymers were prepared in three steps, starting with the transition-metal-catalyzed ring-opening polymerization (ROP) of \[1\]dimethylsilaferrocenophane **1** and \[1\](3-chloropropyl)methylsilaferrocenophane **2** to afford PFS **3** ([Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}).

![Synthesis of Disulfide-Functionalized PFS **5**](am9b11927_0007){#sch1}

The chloropropyl moieties introduced by copolymerization of **1** with ferrocenophane **2** enable further derivatization of the formed PFS chains by nucleophilic substitution, in this work by their conversion into more reactive iodopropyl groups, yielding PFS **4**. Reaction of PFS **4** with the potassium salt of 4,4-dithiobutyric acid monoethyl ester led to disulfide-functionalized PFS **5**. As transition-metal-catalyzed random copolymerization of ferrocenophanes has been demonstrated earlier, we anticipated that the presence of 5 mol % ferrocenophanes **2** in the monomer mixture would lead to the incorporation of a corresponding amount of disulfide groups along the PFS chains.

The PFS copolymers **3**, **4**, and **5** were characterized by ^1^H and ^13^C NMR spectroscopy, FTIR spectroscopy, and gel permeation chromatography (GPC) (see the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsami.9b11927/suppl_file/am9b11927_si_001.pdf)). NMR spectroscopy confirmed the complete conversion of PFS **3** into its iodo analogue PFS **4** through halogen exchange ([Figure S7](http://pubs.acs.org/doi/suppl/10.1021/acsami.9b11927/suppl_file/am9b11927_si_001.pdf)). In addition, the attachment of the disulfide moieties to PFS **4** occurred with quantitative conversion. By comparing the integral of the characteristic CH~2~--Cl triplet at δ = 3.24 ppm with the integral of the ferrocene signals at δ = 4.06 and 4.24 ppm of PFS **3**, the chloropropyl group content was determined to be ∼7 mol %. A similar value was found for the amount of iodopropyl groups in the polymer **4**. The integrals of the signals belonging to the methylene moieties adjacent to the disulfide groups in polymer **5** at δ = 2.45 ppm showed a disulfide content of 5 mol % in this polymer. In the FTIR spectrum of PFS **5**, characteristic absorptions of the ester groups (C=O stretch, 1750 and 1735 cm^--1^) and ferrocene rings (1037, 1182, and 1165 cm^--1^) were observed.

The molar masses of the macromolecules were determined by GPC measurements. For PFS **5**, *M*~n~ = 138500 g mol^--1^, *M*~w~ = 278800 g mol^--1^, and *M*~w~/*M*~n~ = 2.0 were found (the values refer to data determined using PS calibration standards). For this relatively high molar mass, with an average degree of polymerization DP~n~ exceeding 500, 5 mol % corresponds to around 25 disulfide moieties per PFS chain, which should be sufficient for robust immobilization of these chains on gold surfaces in the sensing device.

DoD Piezo Inkjet Printing of the PFS **5**-Based Ink {#sec3.2}
----------------------------------------------------

Following the completion of the synthesis of this new ink constituent PFS **5**, our attention turned to the printing process and the printing accuracy. While this is obviously dependent on the printer device employed, some generic results will be discussed below. The first question to be tackled for a new ink is related to its printability.

Important physical properties regarding the ink encompass viscosity, density, and surface tension since these quantities affect the droplet formation and thus impact the repeatability and the accuracy of the inkjet deposition process.^[@ref60],[@ref61],[@ref65],[@ref66]^ The requirements for a printable ink for the Pixdro LP50 inkjet printer equipped with a DMC-11610 cartridge, as used in this study, include a viscosity range between 1 and 20 mPa·s and a surface tension between 25 and 50 mN m^--1^. Thus, regarding the formulation of the inks, the choice of the solvent is a key parameter, and it is necessary to consider the polymer solubility, the chemical stability over time, the surface tension, and the viscosity. In our case, toluene was a good candidate because it is a good solvent for PFS **5**, with a low boiling temperature (allowing the ink to dry quickly enough to prevent smudging), and it also exhibits good wetting properties on gold.

As explained in more detail in the [Experimental Section](#sec2){ref-type="other"} and in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsami.9b11927/suppl_file/am9b11927_si_001.pdf), toluene-based inks with 2.5, 5, and 10 wt % PFS **5**, which are termed ink A, ink B, and ink C, respectively, were prepared, and their solution properties were characterized ([Table S1](http://pubs.acs.org/doi/suppl/10.1021/acsami.9b11927/suppl_file/am9b11927_si_001.pdf)). All solutions exhibited Newtonian behavior in the tested shear rate range between 500 and 2000 s^--1^. The shear viscosity values increased with an increasing solid content in the solution (between 1.8 and 11 mPa·s), and the surface tension values slightly decreased upon increasing the amount of polymer in the ink (between 28 and 26 mN m^--1^), as shown in [Figure S9](http://pubs.acs.org/doi/suppl/10.1021/acsami.9b11927/suppl_file/am9b11927_si_001.pdf). Consequently, all tested inks exhibited a suitable viscosity for inkjet printing, and their surface tension was compatible with the surface characteristics of the gold electrode surface.

We chose "ink A" as the best candidate in this work, as it provides good rheological properties (with shear viscosity of 1.8 mPa·s), ideal printability (i.e., stable, no satellite drops, repeatable droplet formation), accurate deposition, and a long time storage stability (i.e., the physical and chemical ink properties were stable for more than 6 months). In addition, since it has the lowest concentration of PFS **5** required to obtain a printable ink, it also allows for the deposition of the lowest amount of PFS **5** per drop, eventually enhancing control over the deposited layer thickness. In fact, as shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a from the high-speed image collection, the ink developed a stable jet with drop volumes of about 10 pL and a velocity of 5 m s^--1^ by using the simple actuator waveform as depicted in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b. No satellite droplets formed during printing, and a good accuracy and precision with a misalignment of \<0.26° were obtained, as shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c.

![(a) Series of high-speed photographic images of "ink A" (see the [Experimental Section](#sec2){ref-type="other"}) as it is ejected from the nozzle at times between 0 and 175 μs after the start of the piezo actuation. Characteristics of the drop: speed 5 m s^--1^ and volume 10 pL. (b) The piezoelectric actuator waveform (potential vs time) used for a stable drop-on-demand inkjet printing of "ink A". (c) High-speed photographic image recorded at a distance of 2 mm from the nozzle which corresponds to the distance between the print head and the MAE substrate during the deposition of the ink, revealing a misalignment of 0.26°.](am9b11927_0002){#fig2}

Characterization of the Device: Surface and Electrochemical Properties {#sec3.3}
----------------------------------------------------------------------

The successful deposition of PFS **5** ink via inkjet printing was confirmed by visual inspection via optical and laser confocal microscopy. Then, the successful immobilization of the ultrathin redox-active polymer films onto the ME surface was verified via HR-SEM-EDX, ATR-FTIR microscopy, and cyclic voltammetry measurements, as shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} and in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsami.9b11927/suppl_file/am9b11927_si_001.pdf).

![Surface characterization of the MEs via SEM-EDX: (a, c) SEM images of PFS **5**-modified and bare gold electrodes of the MEA, respectively. The insets show the elemental composition of the areas in the rectangular white boxes. (b, d) CVs of a PFS **5**-modified and a bare electrode of the MEA, respectively. Scan rate 50 mV s^--1^, in 100 mM NaClO~4~, Pt(wire)-RE/CE, and potential range between −500 and 800 mV vs Pt.](am9b11927_0003){#fig3}

EDX analysis confirmed the presence of Fe and Si in equal atomic percentages after deposition of PFS **5** ink on the MEs, as is shown in the inset of the SEM images in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a,c. The presence of sulfur was not observed with EDX analysis since its concentration was below the sensitivity of the instrument. In FTIR spectra the typical absorbance bands of ferrocene and of the ester groups were detected, proving the grafting of the disulfide modified PFSs onto the gold surface, as shown in [Figure S14](http://pubs.acs.org/doi/suppl/10.1021/acsami.9b11927/suppl_file/am9b11927_si_001.pdf). A morphological analysis of the PFS grafts was performed by AFM, confirming a generally flat and uniform topology over the electrode surfaces. AFM surface profile measurements showed that the value for the average step height of the dry PFS **5** film was 8 ± 3 nm and the average surface roughness was 1.2 ± 0.5 nm, as shown in [Figure S13](http://pubs.acs.org/doi/suppl/10.1021/acsami.9b11927/suppl_file/am9b11927_si_001.pdf).

The conclusive confirmation of the successful ME surface modification was obtained by cyclic voltammetry (CV) measurements on the PFS **5**-decorated MEs. As shown in [Figures [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b and [3](#fig3){ref-type="fig"}d, the characteristic oxidation and reduction peaks of the ferrocene moieties of PFS (between −100 and 400 mV vs Pt electrode) are clearly present for the printed electrodes, while no current was observed for the nonprinted MEs. The double-wave voltammogram, typical of PFS, indicates p−π d−π electron orbital overlap due to electronic delocalization between neighboring ferrocene units in the polymer via the Si bridge.^[@ref24],[@ref25],[@ref27],[@ref31]^ For some of the modified PFS **5** MEs, as shown in [Figure S15](http://pubs.acs.org/doi/suppl/10.1021/acsami.9b11927/suppl_file/am9b11927_si_001.pdf), a single-wave voltammogram was recorded due to the (likely) instability of the positively charged intermediate in the aqueous solution, inhomogeneity of the coating, or different thickness of the polymer films and the resulting heterogeneity in electron transfer paths.^[@ref8],[@ref67]^

As shown in [Figure S15](http://pubs.acs.org/doi/suppl/10.1021/acsami.9b11927/suppl_file/am9b11927_si_001.pdf), we propose a classification of the printing quality based on the electrochemical and electrocatalytic properties of the coated MEs differentiating among well-modified, poorly modified, and nonfunctionalized MEs. The electron transfer mechanism of the well-modified MEs was essentially reversible, while for the poorly modified electrodes the electron transfer process was more complex. Here the rate of electron transport through films and transport between the films and the electrode were rather slow (i.e., at low scan rates the process was quasi-reversible, while at high scan rates it was virtually irreversible). For the well-modified electrodes, the surface coverage, Γ, of PFS **5** was estimated, according to [eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"},^[@ref8]^ to be 1.6 × 10^--9^ mol ferrocene units per cm^2^.in which *A* is the geometric surface area of the gold working ME, *n* is the number of electrons involved in the redox process (1 for ferrocene units), *F* is Faraday's constant (96485 C/mol), and *Q* is the charge passed during the oxidation/reduction of ferrocene sites. The grafting value of 1.60 × 10^--9^ mol cm^--2^ is on the order of magnitude of values shown in the literature for "grafted to" high molar mass macromolecules and indicates the presence of a thin, uniform, and relatively densely grafted PFS film on the electrode surface.^[@ref8],[@ref20]^

To confirm the stability of deposited PFS **5** films on the ME, successive CV measurements were conducted. For comparison, repeated CV measurements were performed for deposited films of iodine-functionalized PFS (PFS **4**). [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} shows the CVs for PFS **5** (a) and PFS **4** (b) layers on gold electrodes.

![Evaluation of the electrochemical stability of printed surface-tethered PFS **5** layers printed on gold electrodes of the MEA by repeated CV measurements. Scan rate 50 mV s^--1^, in 100 mM NaClO~4~, Pt(wire)-RE/CE, and potential range between −500 and 800 mV vs Pt.](am9b11927_0004){#fig4}

From [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} it is clear that for PFS **5** films the oxidation and reduction peaks remained unchanged and are reproducible for more than 10 potential cycles, indicating that no PFS chains desorb from the substrate. On the other hand, as shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b, the oxidation and reduction currents for PFS **4** films decreased after each CV, indicating the gradual desorption of the iodopropyl-functionalized PFS **4** from the Au-ME. Hence, the introduction of a disulfide functionality along the PFS backbone is a necessity to significantly enhance the printed layer stability on gold electrodes.

Having thus established the functionalization of an individual ME by inkjet printing, we then turned our attention to testing the individual microelectrode cells for sensing applications. For this purpose, we used ascorbic acid as a standard and well-characterized redox analyte. In earlier works, we have reported and described the use of PFS sensors for ascorbic acid detection.^[@ref20],[@ref32]−[@ref34]^ The PFS films used in these studies served as electron transfer mediator in the electrocatalytic oxidation of ascorbic acid in amperometric chemical sensors.

In [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}, we demonstrate the ability of the ME grafted PFS films to mediate and catalyze the electron transfer process of the ascorbic acid oxidation. Voltammograms for the bare and the modified gold MEs in presence and in the absence of ascorbic acid are shown.

![Comparison of CVs of the electrochemical properties in the presence (red solid line) and absence (black dashed line) of 35 mM ascorbic acid for a PFS **5**-modified (a) and unmodified (b) Au-MEs, respectively. Scan rate 50 mV s^--1^, in 100 mM NaClO~4~, Pt(wire)-RE/CE, and potential range between −500 and 800 mV vs Pt.](am9b11927_0005){#fig5}

The CVs of the PFS-immobilized Au-ME show a typical, essentially reversible redox response in the absence of the analyte ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a). In the presence of 35 mM ascorbic acid, an enhanced anodic peak current (e.g., at +0.4 V vs Pt) was recorded, demonstrating the electrocatalytic properties of the PFS films. In the control experiment, the CVs of the bare MEs show a typical ascorbic acid oxidation redox wave (around +0.37 V vs Pt) without any enhancement of the anodic current, as shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}b.

The amperometric response of a PFS-modified ME to the successive additions of ascorbic acid was evaluated through chronoamperometric measurements. These experiments allowed us to obtain information about the detection limit, DL, quantification limit, QL, sensitivity, linearity, and the limit of linearity (LOL) of the sensing pixel as shown in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}.

![(a) Cyclic voltammogram of the PFS **5**-modified ME used for the amperometric experiments before and after the amperometric experiments. Scan rate 50 mV s^--1^, in 100 mM NaClO~4~, Pt(wire)-RE/CE, and potential range between −500 and 800 mV vs Pt. Chronoamperometric response of a modified ME to the successive additions of ascorbic acid to evaluate (b) the limit of detection and (c) the linearity of the calibration curve. (d) Is the calibration process of a PFS **5**-modified ME for ascorbic acid sensing. In the inset of d), the calibration curve between 0.057 and 2 mM is shown. The cell contained 2 mL of 100 mM NaClO~4~ aqueous solution, Pt(wire)-RE/CE, and the potential was set at 400 mV vs Pt.](am9b11927_0006){#fig6}

The change in the anodic current increase upon adding ascorbic acid in the cell solution is described by the Randles--Sevcik relationship^[@ref8]^ (see [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}b,c). The amperometric response of PFS-decorated MEs was rapid, and the anodic steady-state current was reached within a few seconds after the addition of an ascorbic acid aliquot. (We note that the registered spikes of the current were due to the manual injection of the analyte in the cell via a micropipette.) As shown in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}d, calibration of the PFS modified electrode was performed, and it exhibited three regimes,^[@ref68]^ i.e., the noise, a linear, and a nonlinear regime. The noise regime (up to 0.9 mM) is characterized by an increase of the current as a function of the ascorbic acid concentration (coefficient of linear regression *R*^2^ = 0.941), but with low sensitivity of the modified electrode (sensitivity is 9 nA mM^--1^, considering the slope of the linear regression) and low signal-to-noise ratio (below 100). Theoretically, the DL and the QL values can be defined as 3 and 10 times the standard deviation of the blank signal, respectively. Thus, the theoretical DL and the theoretical QL values were 33 and 111 μM, respectively, considering 0.1 nA as the standard deviation of the anodic current value of the solution without the analyte. However, experimentally, the anodic current value increased with a well-defined step after the addition of 57 μM of ascorbic acid in the cell solution, permitting us to define this concentration value as the experimental QL. The linear calibration regime, between 0.9 and 2 mM, is characterized by a linear increase of the current upon increasing the analyte concentration and a good sensitivity (31.4 nA mM^--1^, *R*^2^ = 0.985). In the nonlinear regime, above the LOL of 2 mM ascorbic acid, a deviation from the linear regime was observed. This is caused by the slow diffusion rate of the analyte through the diffusion layer above the electroactive film with a drastic change in the sensitivity of the sensor (in the linear regime the sensitivity was 31.4 nA mM^--1^, while in the nonlinear regime the sensitivity value dropped to 1.0 nA mM^--1^). The stability and the reproducibility of the electrochemical properties of the PFS modified MEs were tested before and after the amperometric experiments. As shown in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}a, there were no changes in the CVs following the amperometric experiments. As such, the good stability of the printed PFS **5** layers was confirmed once more, demonstrating their feasibility to be utilized as inks that allow advancement to the required next step, which is the development of MEAs with analyte-specific readouts for its individual MEs.

Conclusions {#sec4}
===========

New redox-responsive polymers, i.e., PFS **5**, with a PFS backbone and 5 mol % side groups with disulfide units were successfully synthesized and exploited as molecular inks for the spatially controlled surface modification of commercial MEAs by drop-on-demand (DOD) inkjet printing. First, PFS **5** inks in toluene with a viscosity and surface tension of 1.8 mPa·s and 28 mN m^--1^ as determined by rheology and pendant drop measurements were developed. Subsequently, commercial MEAs were modified using PFS **5**-based ink by printing in DoD mode with good accuracy. FTIR spectroscopy and EDX-SEM confirmed a successful, spatially localized PFS surface modification of the individual gold-coated MEs. The deposited PFS **5** layer thickness was ∼8 nm as was estimated from AFM analysis, while from CV measurements a ferrocene unit grafting density of 1.60 × 10^--9^ mol cm^--2^ was determined, confirming the presence of an ultrathin, uniform, and relative densely grafted PFS film on the electrode surface. Repeated CV measurements confirmed the redox activity and stability of the printed PFS layers on the modified MEAs. The good layer stability was ascribed to the strong and stable bonding between the gold electrode surface and the PFS disulfide side groups. Finally, the potential of these devices to act as an electrochemical sensor array was demonstrated with a model analyte, ascorbic acid, by using cyclic voltammetry and amperometric measurements. Good sensitivity and stable responses to ascorbic acid were achieved. To conclude, the first steps toward the multiplex "pixel-based" electrochemical sensing by DoD-IJ PFS modified MEAs were successfully demonstrated. Future efforts should be directed toward the development of printed analyte specific microelectrode array "pixels".

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/acsami.9b11927](http://pubs.acs.org/doi/abs/10.1021/acsami.9b11927).Synthesis and characterization of the PFS copolymers, formulation and characterization of the ink, inkjet printing, and characterization of the printed MEAs ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsami.9b11927/suppl_file/am9b11927_si_001.pdf))
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PFS

:   poly(ferrocenylsilane)

MEA

:   microelectrode array

IJ

:   inkjet

DoD

:   drop-on-demand

C-IJ

:   continuous inkjet printing

FTIR

:   Fourier transform infrared

AFM

:   atomic force microscopy

CV

:   cyclic voltammetry

ME

:   modified electrode
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:   detection limit
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